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There are a few methodologies to monitoring the Porous Silicon (PS) formation in-situ. One of these method-
ologies is photoacoustic. Previous works that reported the use of photoacoustic to study the PS formation
do not provide the physical explanation of the origin of the signal. In this paper, a physical explanation is
provided of the origin of the photoacoustic signal during the PS etching. The incident modulated radiation
and changes in the reflectance are taken as thermal sources. In this paper, a useful methodology is proposed
to determine the etching rate, porosity, and refractive index of a PS film by the determination of the sample
thickness, using SEM images. This method was developed by carrying out two different experiments using
the same anodization conditions. The first experiment consisted of the growth of samples with different etch-
ing times to prove the periodicity of the photoacoustic signal and the second considered the growth samples
using three different wavelengths that are correlated with the period of the photoacoustic signal. The last
experiment showed that the period of the photoacoustic signal is proportional to the laser wavelength.
PACS numbers: 78.55.Mb, *43.35.Ud, 78.20.Pa, 78.40.Pg, 44.30.+v, 78.55.Mb
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I. INTRODUCTION
The electrical and optical properties of porous silicon
(PS) have been widely studied in recent years, and it is
well know that these properties depend on porosity, and
that porosity depends on growing parameters chosen for
the electrochemical process. Usually, PS films are char-
acterized after the electrochemical etch using techniques
such as scanning electron microscopy (SEM), to obtain
surface and cross-section parameters that allow the de-
termination of the thickness and porous size. Profilome-
try has been used to determine interface roughness, and
gravimetry to determine the porosity.1 These techniques
are contact, destructive, and are not able to give infor-
mation about physic properties at the same time that the
PS is forming.
One critical aspect of PS in different fields such as
optical devices and photonic materials,2 gas sensors,3
biosensors,4 and composite materials5 is that the films re-
quire specific properties and good optical quality, which
imply to control the electrochemical etching in real time.
The fabrication of the PS films or devices have been made
by controlling the electrolyte composition, the current
density, and reaction time, but information regarding the
a)E-mail corresponding author: marioga@fata.unam.mx
growing process (reproducibility) is always neglected. At
this point, it is important to note that the reproducibility
of the samples with similar properties depends on the op-
erator skills. For these reasons, it is necessary to develop
a methodology to monitor the PS formation in-situ and
correlate the electrochemical parameters with its optical
properties.
There are a few reports about the in-situ character-
ization of the PS formation. One of these studies was
reported by Foss et al.1 They used an interferometric
method by using an infrared laser to illuminate the Si
in the side that was not in contact with the electrolyte,
producing interference between the beams reflected in
the PS/electrolyte, PS/Si, and Si/air interfaces. The
obtained signal was analyzed using short-time Fourier
transform (STFT), and it was possible to determine
PS parameters such as porosity, thickness, etching rate,
and interface roughness. However, the interferometric
method cannot provide information about the chemical
reaction and changes in the sample temperature, or the
formation of multilayer systems.
In contrast, the photoacoustic method is used to study
thermal properties of several materials including metals,
semiconductors, insulators, and polymers. In all of the
above cases, the thermal properties do not undergo any
change as a function of the time. On the other hand,
the photoacoustic method has been proven as a suitable
and reliable technique to study dynamical processes. The
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2formation of PS represents a dynamical process because
the etching produces new interfaces. Therefore, the inci-
dent/reflected ratio changes as a function of the optical
properties of the PS layers (thickness, porosity, refrac-
tive index). This fact implies that the changes in pho-
toacoustic signal are a function of the reflectance changes
and changes in thermal properties of the PS-Si multilayer
structure. The Photoacoustic signal also provides infor-
mation about the growing process, as mentioned earlier,
at the same time that the electrochemical etching is oc-
curring.
Gutierrez et al.6 reported an in-situ technique based
on the photoacoustic effect, to characterize the PS for-
mation. However, the physical explanation of the origin
and shape of the PA signals during the etching of Si were
not described in detail. The data reported by Gutierrez
et al. and Espinosa-Arbela´es et al. showed an oscilla-
tory character for the amplitude and phase signals of the
photoacoustic signal.6,7 This shows clearly that the pho-
toacoustic signal depends on various parameters: sub-
strate impurity concentration, current density, and the
hydrofluoric acid (HF)/surfactant ratio.
In this study, a physical explanation of the photoacous-
tic signal during PS formation is provided. A method to
determine the etching rate, porosity and refractive index
of PS films is proposed, helped by SEM images as a com-
plementary technique. The calculations of the changes
in the reflectance are based on rules of effective medium
for an in-situ characterization of PS formation. Simula-
tion of the changes in the reflectance as a function of the
samples thickness and porosity were also studied.
II. EXPERIMENTAL DETAILS
A. Electrochemical photoacoustic experimental setup
To study the kinetics of the porous silicon formation, a
differential photoacoustic system (two cells) coupled with
an electrochemical cell was developed. The electrochemi-
cal system was composed of an electrolyte container, the
electrodes, and the current source. The PA amplitude
and phase signals were recorded using two Lock-in am-
plifiers.
Figure 1 shows the experimental setup used to study
the PS formation in-situ. Figure 1(a) shows an electro-
chemical cell (Polyvinyl chloride, PVC) coupled with a
photoacoustic cell. An electrolyte container is located
in the upper part of the system. A platinum filament
was used as a cathode and a silicon substrate was used
as the anode. The cells in the system have the same
geometry and dimensions. A copper foil was in contact
with the rear face of the sample. Both electrodes were
connected to a controlled current source (6220 Precision
Current Source Brand Keithley). The Si substrates were
then placed in the photoacoustic cells. With this setup,
the growth process of the PS occurred simultaneously in
both cells. A laser (Laser-Mate Group Inc. LBG 8080250
FIG. 1. Experimental setup used to study the PS growing
process. (a) Electrochemical cell coupled to a photoacoustic
system for the etching Si and monitoring in situ the etching
process respectively. (b) Acquisition data setup.
A5-T), 808 nm wavelength, < 200 mW was used as the
excitation source. The excitation beam was modulated
at 13 Hz using the lock-in amplifier. A beam splitter
with 60/40 was used for the transmitted and reflected
beams respectively. The reflected beam was focused on
an aluminum film used as a reference sample while the
transmitted beam was focused on a silicon sample. The
aluminum sample was used as a means to eliminate any
external noise of PA signal.7 In the second cell was an-
other Si sample that grew without PA monitoring, which
means that no laser was focused on its surface. Am-
plitude and phase signals a were recorded with GPIB
acquisition card (Figure 1(b)).
B. Sample description
Si doped with boron, < 100 > crystalline orientation,
and resistivity 0.001 Ω/cm2 from Polish Corporation of
America-USA were used as substrates to growth PS. Sub-
strates were cut into squares of 14 mm in length; each
one was washed using the standard method RCA Sili-
con wafer cleaning11,12. The current source for the elec-
trochemical etching was fixed at 20 mA. The electrolyte
concentration ratio was 3:7 (HF/ethanol in volume), this
concentration was selected to provide a good wet surface,
allowing homogeneous growth of porous silicon.7
Four samples were etched with the same conditions and
with four different etching times. After porous formation,
samples were cleaned with ethanol for 20 minutes to re-
move residues of the electrolyte in the porous structure.
C. Morphological studies
SEM images were taken to study the morphology of the
PS-Si structures, from both cells. A MIRA3 TESCAN
microscopy was used, and the analysis was performed
using 5.0 kV electron acceleration voltages. Before the
analysis, samples were fixed on a copper specimen holder
3FIG. 2. (a) Schematic representation of photoacoustic cell
and (b) optical effects.
with carbon tape. No gold was used to cover the samples
prior to the SEM analysis.
III. PRINCIPLES OF DETECTION
A. Photoacustic signal generation
The main mechanism of the photoacoustic signal gen-
eration when there are no physicochemical changes in the
sample is the absorption of modulating light by the sam-
ple. The classical theory of the photoacoustic effect in
solids, as described by Rosencwaig and Gershoallows, is
to formulate the heat flow equations in the cell resulting
from the absorption of energy.9 Figure 2(a) shows the ge-
ometrical configuration of the PS/Si system. It is charac-
terized by three regions: the region 0 < x < lg is the gas
chamber, the Si sample is located in −(lb − ls) < x < 0,
and the region −lb < x < −(lb − ls) represents the PS
film. By using this coordinate system, the heat equation
in each region can be written as:
∇2T (x, t)− 1
α
∂T (x, t)
∂t
= 0, for x ≤ −lb, (1)
∇2Ts,b(x, t)− 1
αs,b
∂Ts,b(x, t)
∂t
= f(x, t) +Q(t),
for −lb < x ≤ 0, (2)
and
∇2Tg(x, t)− 1
αg
∂Tg(x, t)
∂t
= 0, for 0 < x ≤ lg, (3)
where f(x, t) and Q(t) are the heat sources, produced
by the light absorption and electrochemical reaction, re-
spectively. However, the term related with the electro-
chemical reaction is unknown and is taken as a constant
in this study.
The term in relation to the light absorption source has
the following form:
f (x, t) =
βI0η (1−R(t))
2κs
eβx
(
1 + eiωt
)
, (4)
where Io is the intensity of the light source, ω is the
modulated frequency, β is the absorption coefficient, η is
the efficiency of the light absorption, κs is the thermal
conductivity, and R the reflectance of the system.
The incidence of the light is by the front of the Si sam-
ple, and it is clear that before the etching, ls(t = 0) = 0.
When the source is turned on, the electrochemical reac-
tion takes place. As a result of the chemical reaction, the
thickness of the PS begins to increase, as does the optical
path of the light. The interference effects appear to be
the product of the creation of the new interface. Thus,
the reflectance (R) now has become thickness dependent.
The Figure 2(b) shows the schematic representation of
the reflection process and the interference effect. Taking
into account the above-mentioned effect, the R in the
Eq. 4, is now a function of the etching time.
B. Reflectance Corrections
The system represented in Figure 2(b) is composed of
three different mediums where the light can propagated.
In the case of the silicon etch, the first medium with a
refractive index η0 corresponds to the electrolyte com-
posed of Ethanol/HF. The second medium is the PS film
with refractive index ηs, and finally, the third medium
corresponds to silicon backing with ηb. The interfaces
electrolyte/PS and PS/Si-backing can reflect and trans-
mit the laser beam, but the last interface Si-backing/gas
can only reflect, and does not permit transmission of radi-
ation for the gas. Taking into account that the thickness
of the Si backing is bigger than the penetration depth of
wavelength λ0, the fraction of the reflected radiation was
determined using a transfer matrix method as follows:10
R(t) =
∣∣r2∣∣ = cos2(δ)(α0 − α1)2 + sin2(δ)(α0α1 − 1)2
cos2(δ)(α0 + α1)2 + sin
2(δ)(α0α1 + 1)2
,
(5)
where α0 = η0/ηs and α1 = ηb/ηs, using the convention
ηx = nx + ikx, where the real part corresponds to the
refractive index and the imaginary part corresponds to
the extinction coefficient.
Here is important to note that ls(t) represents the
change in the sample thickness as a function of the time.
However, due to the etching process on the front surface
of the substrate, it is necessary to consider and take the
porosity into account. This means that ηs is in fact a
function of the porosity p.
δ(t) =
2piηs(p)ls(t)
λ0
, (6)
Figure 3(a) and 3(b) shows the reflectance changes as a
function of the real part of the δ(t). The color scale repre-
sents the changes in the porosity between 0 to 1. For each
one of the simulations, a wavelength of 808 nm was used,
and ηs was calculated using an effective medium rule for
a known porosity.13 The product ηsls that represents the
4FIG. 3. Simulation of reflectance as a function of the Re(δ).
The color scale represents the behavior of the reflectance as
a function of porosity using a Looyenga13 effective medium
mixture rule for the system electrolyte/PS/Si (Figure 2(b)).
optical path in Eq. 6, and these behave as follows: it is
possible to have a sample with a high ηs and a thin ls
or a sample with a low ηs and thick ls and the product
is the same. It means that there exist pairs of these pa-
rameters that give the same reflectance conditions, for
this reason, it is necessary to separate the results into
two porosity ranges (see Figure 3). It is clear that there
are values of δ(t) in which the reflectance changes be-
tween maximum and minimum located at ls =
1+2m
2ηs
λ0
and ls =
m
2ηs
λ0. These values show that the reflectance
changes as a function of the sample thickness and it is
modulated by the relationship between the incident wave-
length and the change in the thickness of the sample.
This fact will be correlated with the photoacoustic signal
for the PS formation in the next section.
IV. RESULTS
This section shows the results obtained from two differ-
ent experiments: the first experiment consists of the etch-
ing of four samples of silicon with the same anodization
current and electrolyte composition when the etching
time is changed, in order to prove that the photoacoustic
signal is self-modulated by the changes in the reflectance
of the heterostructure and that it is periodic. The second
experiment consisted of the etching the three samples of
silicon using a different wavelength of the laser, to prove
the relation shift between the wavelength and the period
of the photoacoustic signal.
250 300 350 400 450 500 550 600
7
8
9
10
11
12
250 300 350 400 450 500 550 600
8
10
12
14
250 300 350 400 450 500 550 600
4
5
6
7
250 300 350 400 450 500 550 600
4
5
6
7 (d)
(c)
(b)
 
 
 
Ph
ot
oa
co
us
tic
 S
ig
na
l (
m
V)
(a) HF emptying
T=28.25 s
T=28.28 s
T=28.50 s
  
 
 
T=28.25 s
  
 
  
 
Time (s)
FIG. 4. Photoacoustic signals for four different etching times
at 20 mA current anodization. Each one of the etching process
was stopped at 1(a), 2(b), 3(c), and 4(c) photoacoustic cycles.
A. Time dependence of photoacoustic signal
Figure 4 shows the amplitude of the photoacoustic sig-
nal as a function of the time for four different growing
processes using the same experimental conditions. In
Figure 4(a) the change in the amplitude signal labeled
with the red circle represents the moment in which the
electrolyte has been emptied in the cell. At this time
the current source is still turned off. When there are
no changes in the PA amplitude, the current source is
turned on. As can be seen, an increase in the amplitude
of the photoacoustic signal immediately appears. If the
etching time increases, the photoacoustic signal becomes
periodical (see Figure 4(b) to 4(d)). From this figure, it
is possible to calculate the etching times. The thickness
of the PS can be determined by using SEM images and
by using the maximum and minimum conditions given
by Eq. (6) it is possible to determine the real part of the
refractive index at this wavelength.
Taking into account the Eq. 4, the change in the tem-
perature of the sample is governed by the apparition of
the porosity and changes in the thickness of the sample as
shown in Eqs. (3) and (6). From a physics point of view,
the reflectance during the etching process is periodic (see
5FIG. 5. SEM images of cross sections of PS films growing
for 1(a), 2(b), 3(c), and 4(d) photoacoustic cycles
Figure 3 (a)). Therefore, the changes in the amplitude of
the photoacoustic signal are produced by the changes in
the reflectance. Maximums in the reflectance correspond
with a minimum in the photoacoustic signal, and mini-
mums in the reflectance correspond with the maximum
absorption of the radiation in the structure (PS/Si).
Here, it is imperative to clarify that the periodicity in
the photoacoustic signal does not mean that the growing
process is periodic. The PA signal is due to the light
absorption and changes in the sample due to the mod-
ulation of the temperature. At this point, the chemical
reaction is considered constant during the process.
To make a correlation between the photoacoustic signal
for each period and the thickness of the samples, SEM
images were obtained at the end of the 1st, 2nd, 3rd,
and 4th photoacoustic periods. Figure 5 shows the cross
sections of the PS films. As can be seen, the PS growing
process produces nonregular Si columns in the range of
5 and 20 nm. The end of the pores are shown to be
concave. From the data shown in Figure 4, is possible
to determine the value of the period of the photoacoustic
signal, and from Figure 5 it is possible to establish the
average value of the sample thickness.
It is clear that a linear relationship exists between the
thickness of the sample and the period of the photoa-
coustic signal (see Figure 6); by the obtainment of the
time for each one of the periods and thickness of the
sample, the etching rate can be determined. From the
inset shown in the Figure 6, the conclusion can be made
that the etching rate is constant along the growing pro-
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FIG. 6. Relationship between photoacoustic cycles and the
thickness of the sample. The inset shows that the etching
rate for these anodization conditions is 8.3± 0.1 nm/s
cess, and that by using this methodology it is possible
to obtain PS films with pre-established thickness values.
Using the data obtained for the thickness of each sample,
it was possible to obtain the value of the real part of the
refractive index for the wavelength of the laser (λ0 = 808
nm). Table 1 shows the computed values obtained us-
ing the Eq. (6). According to this table, it shows clearly
that if the sample is grown under the same experimental
conditions, the photoacoustic methodology shown for all
cases has the same period for the amplitude of the signal.
This is an important fact because this method allows the
obtainment of samples with the same optical properties.
Samples with the same photoacoustic history should be
samples with similar physical properties.
B. Photoacoustic signal wavelength dependence
Another experiment was carried out to prove that the
periodic behaviors of the reflectance are correlated to the
photoacoustic period. Of course, the reflectance is de-
pendent on the wavelength of the incident radiation. For
this reason, three samples were grown using the same an-
odization conditions, but now using three different wave-
lengths: 1024, 808, and 450 nm. By a detailed analysis of
the Eq. (6), the period of the photoacoustic signal must
increase if the incident wavelength increases. Figure 7
(a) to (c) show the photoacoustic amplitude signal for
three different wavelengths as a function of the time for
eight photoacoustic cycles. It is clear that the value of
the period in each case is different, and the experiment
proved the correlation between the wavelength and the
photoacoustic period proposed in the Eq. (6). This is a
very important fact, because the most precise determi-
nation of the sample thickness can be achieved using a
laser with a shorter wavelength.
6TABLE I. Values of the real part of the refractive index and the etching rate for the films of PS obtained during 1, 2 , 3, and
4 photoacoustic cycles. The anodization current was 20 mA and the ratio Ethanol/HF was 7:3 in volume.
Photoacoustic cycles Laser wavelength (nm) Thickness (nm) Re(η (λ)) Etching rate nm/s ±0.1
1 808 230.88a 1.75 8.1
2 808 477.50a 1.76 8.3
3 808 687.43a 1.76 8.1
4 808 913.10a 1.76 8.0
aDirect determination by SEM, see Figure 5.
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FIG. 7. Photoacoustic signal wavelength dependence. Three
different samples growth under the same anodization condi-
tion but monitoring with lasers with different wavelengths.
V. CONCLUSIONS
Considering the above mentioned results, it can be con-
cluded that the photoacoustic signal in the case PS for-
mation is governed by the changes in the reflectance of
the system (PS/Si). An important point here is that it is
necessary to explore the contribution of the electrochem-
ical reaction. A detailed inspection of Figure 6 in which
there is clear a linear relationship between PS thickness
and photoacoustic signal, suggests that the chemical re-
action should be constant along the PS formation nonly
if the electrolyte does not suffer significant changes in
concentration.
The photoacoustic methodology proposed in this study
permits the obtainment of PS samples with the same
characteristics assuming no changes occurred in the im-
purities across the sample. This means that it is possible
to determine the etching rate, and using at least one SEM
image, it is possible to obtain the effective refractive in-
dex of the sample. Comparing the reflective index with
any model of an effective medium such as (Looyenga13,
Bruggeman14, Maxwell-Garnet15), this methodology can
also determine the porosity of the sample. The method
permits monitoring of the etching process using different
laser wavelengths. This fact can be used to calculate the
refractive index for these wavelengths and constructs a
real curve of effective medium. Another important issue
is the direct relationship between the laser wavelength
and the period of the amplitude of the photoacoustic sig-
nal. In the case of the development of optical devices
such as Bragg reflectors or Fabry-Perot cavities, in which
the thickness and porosity play an important role, this
methodology can be used.
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